In order to investigate the effects of in-plane strain on the superconductivity of FeSe, epitaxial thin films of FeSe were fabricated on CaF2 substrates. The films are compressed along the a-axis and their superconducting transition temperatures T zero c reach 11.4 K, which is approximately 1.5 times higher than that of bulk crystals. The Tc values are weakly dependent on the ratio of the lattice constants, c/a, compared to that of Fe(Se,Te). Our results indicate that even a binary system FeSe has room for improvement, and will open a new route for the application of Fe-based superconductors.
The discovery of iron-based materials with a high superconducting transition temperature T c has attracted much attention for both fundamental studies and practical applications. [1] Iron-chalcogenide superconductors [2] (FeCh), Fe(Se,Te), have the simplest crystal structure, consisting of only two-dimensional conducting planes. Although the T c values of these materials are low compared with those of other families, the T c values are strongly dependent on the applied pressure. In fact, the onset of the resistive transition, T onset c , reaches 37 K under a hydrostatic pressure of approximately 4 GPa. [3, 4] Therefore, anisotropic pressure effects on T c of FeCh are of great interest.
Studies on the film growth of the optimally doped Fe(Se,Te) have suggested that the in-plane (ab-plane) compressive strain can increase the T c value above that of bulk crystals; such studies have also found enhanced superconducting properties. [5] [6] [7] [8] Additionally, under a hydrostatic pressure, [9] FeSe shows a large increase in T c compared to optimally doped Fe(Se,Te). Thus, we expect FeSe thin films to have T c values higher than those of bulk single crystals when in-plane compressive strain is successfully introduced in the films. Recently, high T c superconductivity was reported in single-unit-cell-thick FeSe films on SrTiO 3 substrates. [10] Although it is unclear whether this phenomenon is characteristic of the interface, this report provides another example showing that FeSe has potential as a very high T c superconductor. Thus, a very important question is whether we can realize this high T c superconductivity as a bulk nature. Additionally, from this viewpoint, we should investigate the effects of anisotropic strain in FeSe films.
Several groups have reported the growth of FeSe films using oxide substrates. [11] [12] [13] [14] [15] [16] [17] However, the T c values of the FeSe films reported to date are rather low, and there are few reports on the fabrication of FeSe thin films with good superconducting properties. The lattice constants of these FeSe films were similar to those of bulk crystals.
In a previous study of Fe(Se,Te) thin film fabrication, [18] we found that T c is positively correlated with the ratio of the lattice parameters, c/a. A subsequent study [7] revealed that compared with oxide substrates, the use of CaF 2 substrates can introduce a strong in-plane compressive strain in the films. We expect to observe the same effect for FeSe films and also expect an enhancement of superconducting properties, such as an increased T c .
In this Letter, we report the fabrication of high-quality epitaxial thin films of FeSe on CaF 2 substrates using a pulsed laser deposition (PLD) method. We demonstrate that the films are compressed along the a-axis and their superconducting transition temperatures T zero c reach 11.4 K, which is approximately 1.5 times higher than that of bulk crystals. Our results in this binary system are very promising, and will open a new route for the application of Fe-based superconductors.
All of the films in this study were grown by the PLD method with a KrF laser. [18, 19] FeSe polycrystalline pellets were used as targets. The substrate temperature, the laser repetition rate, and the back pressure were 280
• C, 10 Hz and 10 −6 Torr, respectively. Commercially available CaF 2 (100) substrates were used for the present experiments. Although some groups have reported that crystal orientation along the (101) direction, accomplished by using substrate temperatures of as high as 500
• C, is the key for the fabrication of FeSe thin films with high T c values, [13, 15] we adopted lower substrate temperatures and obtained c-axis preferred orientation. Nevertheless, as will be described later, our films show very good superconducting properties. Indeed, films with c-axis orientation are advantageous for measurements of the in-plane (ab-plane) conductivity. We prepared eight thin films with different thicknesses. The films were fabricated in a six-terminal shape through the use of a metal mask. The measured area was 0.95 mm long and 0.2 mm wide. The thicknesses of the grown films were measured using a Dektak 6M stylus profiler and were estimated to be 60 -235 nm. The films are designated as C1 -C8 in order of the film thickness. The specifications of all of the films are summarized in table I. The crystal structures and the orientations of the films were characterized by four-circle X-ray diffraction (XRD) with Cu Kα radiation at room temperature. The c-axis and a-axis lattice constants of the films were calculated from the positions of the 001-004 reflections and the 200 reflection, respectively. The electrical resistivity was measured using a physical property measurement system (PPMS) from 2 to 300 K under magnetic fields of up to 9 T applied perpendicularly to the film surface. Superconductivity was also confirmed by the magnetization measurement. Fig. 1(a) shows the ω-2θ X-ray diffraction patterns of the eight FeSe thin films grown on CaF 2 (100) substrates (C1 -C8). These films show only the 00l reflections of the tetragonal PbO structure, indicating that the films are well-oriented along the c-axis. Fig. 1(b) shows the φ scans of the 101 reflection of film C6. A clear four-fold symmetry reflection was obtained. The full widths at half maximum (FWHM) is ∆φ ∼ 1.0
• (shown in the inset of fig. 1(b) ), which is comparable to those of Fe(Se,Te) films on CaF 2 substrates. [7] We have also confirmed the in-plane orientation to be FeSe[100] CaF 2 [110], similar to Fe(Se,Te). The calculated a-and c-axis lengths of the grown films are shown in table I. It is clear that the a-axis lengths are dependent on the film thickness; the a-axis decreases as the film thickness increases up to 150 nm, and then the a-axis slightly increases for films with larger thickness. This behavior is similar to that observed in Fe(Se,Te) films on LaAlO 3 . [5] The authors in ref. [5] explained that this thickness dependence is due to Volmer-Weber type growth of the Fe(Se,Te) film, which we believe is also the case with FeSe films on CaF 2 . Compared with the lattice parameters for bulk single crystals (a = 3.775 ± 0.02Å, c = 5.52 ± 0.03Å), [20] [21] [22] the films grown on CaF 2 are compressed along the a-axis and are simultaneously elongated along the c-axis. Such short aaxis lengths of the FeSe films can not be explained simply by the difference between the lattice constants of the substrate and the overlayer because the lattice constants of CaF 2 (a/ √ 2 = 3.863Å) are longer than the a-axis of FeSe. The penetration of F − ions from the CaF 2 substrates into the films has been proposed as a possible mechanism for the contraction of the a-axis lengths of the Fe(Se,Te) films. [23] The substitution of small F − ions for large Se 2− ions shortens the a-axis. Thus it is natural to consider that the short a-axis lengths of the FeSe films on CaF 2 can be explained by the same mechanism proposed for Fe(Se,Te) films. We should note that the diffusion of other atoms (Fe, Te and Ca) was not detected in the previous measurement. [23] Fig. 2(a) shows the temperature dependence of the resistivities of the grown films (C1 -C8). The temperature dependence of the resistivity shows metallic behavior similar to that of the bulk samples. The magnitudes of the resistivity at room temperature are 0.35 -0.6 mΩ·cm, which are smaller than those of bulk single crystalline samples. [20] [21] [22] All of the films show the onset of the superconducting transition at temperatures above 4.2 K, and zero resistivity was observed in all films except film C1. As the thickness becomes smaller for films with thickness less than 100 nm, the magnitude of the resistivity increases, and T c decreases correspondingly. Although the tendency that T c decreases with decreasing thickness has also been reported for FeSe films with c-axis preferred orientation [17] before, our films on CaF 2 show higher T c even for films with much smaller thickness than those reported in ref. [17] . It should be noted that for FeSe films with thicknesses less than 100 nm, T c = 9.33 K is also far better than the previously reported results for films on oxide substrates with (101) orientation (T values higher than those of the bulk crystals. In particular, film C6 has a T zero c of 11.4 K, which is approximately 1.5 times higher than those of the bulk samples. This is the first report demonstrating that FeSe films show higher T c values than bulk single crystals, except for possible interface superconductivity [10] between FeSe and SrTiO 3 . It should also be noted that these films do not require any buffer layers. Fig. 2(b) shows the temperature dependence of the resistivity of film C6 under magnetic fields up to µ 0 H = 9 T applied along the c-axis. The superconducting transition temperature decreases as the magnetic field increases. In fig. 2(c) 2 , we can get a Ginzburg-Landau coherence length of ξ ab (0) ∼ 38.0Å, which is longer than that of FeSe 0.5 Te 0.5 thin films on CaF 2 substrates. [7] These aspects of FeSe thin films on CaF 2 should be beneficial for applications of these materials. Our results for this binary system will open a new path for applied studies of iron-based superconductors.
Finally we discuss the relation between T c and the lattice parameters. As previously described, we expected that the in-plane compression of the films, represented by large c/a values, would increase T c . Indeed our results support this expectation. In fig. 3 , we plot the c/a dependence of T zero c for the eight films and for bulk single crystals [20] [21] [22] and films on oxide substrates. [15] T zero c of the FeSe films on CaF 2 increases monotonically as c/a increases, similar to that observed for FeSe 0.5 Te 0.5 films. [18] However, in contrast to FeSe 0.5 Te 0.5 , the T c values of single crystals and films on oxide substrates do not seem to exhibit the same dependence on c/a. One possible explanation for this new complexity is the effect of disorders. It is well-known that the excess Fe, which occupies an additional Fe site, strongly affects the superconductivity in FeSe. [20] We speculate that because of the high vapor pressure of Se, the ratio of Se to Fe becomes smaller than the stoichiometric value near the surface of the film, leading to the increase in the amount of Fe which occupies the extra Fe site. Our result is that resistivity increases and T c decreases with decreasing thickness for films with thickness smaller than 100 nm. This is interpreted that the influence of the regions with excess Fe becomes dominant as the films gets thinner. If we consider the superconducting transition width,
), to be an index of the crystal quality and consider only the data for films with ∆T c < 1 K, T c seems to correlate with c/a, as shown by an orange dashed line in fig. 3 . In this case, c/a dependence of T c of FeSe is weak compared to that of Fe(Se,Te), and the T c values of FeSe films under anisotropic compression are unlikely to reach 37 K, which is accomplished by hydrostatic pressure. [3, 4] Therefore, the simultaneous compression of the c-and a-axis lengths may be a key to realize a very high T c material. We should note, however, that the relation between T c and c/a is simplistic and is only a guiding principle in the search for high T c materials. To understand the relation between T c and crystal structure, we should evaluate specific structural parameters, such as the Ch-Fe-Ch angle [25] and/or the Ch height from the Fe layer. [26] In summary, in order to investigate the effects of inplane strain on the superconductivity of FeSe, we fabricated high-quality FeSe epitaxial thin films oriented along the c-axis on CaF 2 substrates. X-ray diffraction analysis showed that our films have shorter a-axis and longer c-axis lengths in comparison to bulk single crystals, demonstrating that a large in-plane compressive strain was introduced in the FeSe films. We demonstrated that T zero c can reach 11.4 K, which is approximately 1.5 times greater than the T [20] [21] [22] and films on oxide substrates [15] are also plotted for comparison.
very promising and will open a new route for the application of Fe-based superconductors.
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